[1] Rayleigh wave phase velocities in southern Africa have been obtained at 18 periods from 20 to 167 s using a two-plane wave method. These phase velocities are utilized in subsequent inversions to solve for shear wave structure in the crust and upper mantle of southern Africa. A fast lithosphere lid is imaged beneath most parts of southern Africa. The lid thickness is estimated on the basis of the variation of shear wave velocity with depth and ranges from $80 km beneath the Namaqua-Natal belt to 180 ± 20 km beneath the Kaapvaal craton. Relative low velocities are observed under the Cape Fold Belt and beneath the tectonic border regions in the shallow upper mantle. The Bushveld Complex is relatively slower than its surroundings above 100 km, probably because of high iron content that resulted from an intracratonic intrusion at 2.05 Ga. A relative low-velocity zone (LVZ) is observed at the depths of 160-260 km across southern Africa with an average velocity of $4.5 km/s. This layer, although not absolutely slow, is $4% slower than the fast lithosphere above it. The velocity reduction in this layer varies from 4.8% at the edges of the Kaapvaal craton to 1.5% at its center. Such a large velocity reduction and a strong lateral variation in the LVZ cannot be totally attributed to compositional and petrologic effects. Our preferred interpretation is that the LVZ is largely caused by high temperature. It is probably associated with sublithospheric mantle convection and should make contributions to supporting the high elevation of southern Africa.
Introduction
[2] Southern Africa contains two of the oldest continental blocks on Earth, the Kaapvaal and Zimbabwe cratons. The Kaapvaal craton was assembled before 3.0 Ga and collided with the Zimbabwe craton to the north at 2.0-2.8 Ga, forming the Limpopo orogenic belt (Figure 1 ). An intracratonic intrusion, the Bushveld event at 2.05 Ga [de Wit et al., 1992] disrupted the stable Kaapvaal craton and formed the Bushveld Complex in the northern Kaapvaal craton. The Kaapvaal craton is bounded by Proterozoic mobile belts (the Kheiss thrust belt, the Namaqua-Natal belt, and the Limpopo belt) to the west, south, and north, respectively, and by the Lebombo monocline of Jurassic volcanic rocks to the east [de Wit et al., 1992] . The Phanerozoic Cape Fold belt (0.3 Ga) in the southern end of Africa is the youngest part of the southern Africa continent. Although southern Africa is an old continent, it has experienced frequent kimberlite eruptions mostly since the breakup of the Pangean supercontinent began at $180 Ma. It has been suggested that the kimberlites are associated with major hot spot events, such as the Karoo, Tristan, Kerguelen, and Reunion events [Crough et al., 1980; Jelsma et al., 2004] .
[3] Like other continental shield regions, the Kaapvaal craton is characterized by a fast and thick lithosphere as imaged in both global and regional seismic models with a range of lateral and vertical resolutions [Grand et al., 1997; Ekstrom et al., 1997; Ritsema and van Heijst, 2000; James et al., 2001; Fouch et al., 2004] . The thickness of the Kaapvaal lithosphere was determined at $250 km in a regional surface wave model [Ritsema and van Heijst, 2000] and in body wave tomography models Fouch et al., 2004] on the basis of the shape and depth extent of high-velocity anomalies. Rudnick and Nyblade [1999] constrained the thickness of the Kaapvaal lithosphere at 200-250 km from cratonic xenoliths but the keel thickness could be significantly shallower (150-200 km) if the deformed, high-temperature peridotites were not included. These peridotites have low seismic velocities and are not consistent with the high-velocity root in the tomographic images . Artemieva and Mooney [2001] modeled global heat flow data and found that the thermal thickness of the Kaapvaal lithosphere was 175 -220 km.
[4] Although southern Africa has frequently experienced hot spot events since 180 Ma, earlier P wave velocity models in southern Africa do not show lithosphere thinning or a low-velocity zone in the upper mantle [Nyblade et al., 1996; Zhao et al., 1999; Simon et al., 2002] . Recently, Wang et al. [2005] found that a low-velocity zone is required below 150 km in the upper mantle of southern Africa by modeling P and SH arrivals from regional earthquakes. Shear wave models constrained from waveform modeling and surface waves have revealed a low-velocity layer under the lithosphere of South Africa [Qiu et al., 1996; Priestley, 1999] . On the other hand, Freybourger et al. [2001] and Saltzer [2002] modeled both Rayleigh and Love waves in southern Africa and constrained a much smoother shear wave model, in which neither a fast lithosphere nor a low-velocity layer was observed. Studies using P to S converted phases imaged a discontinuity of negative velocity gradient at 300 km depth [Vinnik et al., 1996; Stankiewicz et al., 2002] , $100 km deeper than the low-velocity zone in the shear wave models [Qiu et al., 1996; Priestley, 1999] . This discontinuity is not observed in other receiver function studies in southern Africa [Gao et al., 2002; Niu et al., 2004] .
[5] A characteristic feature of southern Africa is an anomalously high surface topography of 1 to 2 km ( Figure 1 ). How the high elevation is compensated remains debatable. Webb et al. [2004] have shown that surface loads at many stations in southern Africa are undercompensated by crustal variations. The low seismic velocities imaged in the lower mantle (the Africa superplume) [Ritsema et al., 1998; Ni et al., 2002] have been considered to generate dynamic topography, but the predicted amplitude is much lower than the observed elevations [Lithgow-Bertelloni and Silver, 1998 ]. The contribution of the lower mantle to surface topography in southern Africa is probably even less if the very low velocity anomaly in the lower mantle is attributed to variation in composition [Ni et al., 2002] . Simon et al. [2002] observed relatively high wave speeds in the transition zone under the southern part of southern Africa and suggested that they may be due to iron depletion and contribute to the surface elevation. This observation contradicts a receiver function study that imaged a flat lowvelocity layer in the transition zone of southern Africa [Shen and Blum, 2003] . Heating and buoyancy in the upper mantle of southern Africa has been proposed to support the high surface relief [Nyblade and Robinson, 1994; Burke, 1996; Burke et al., 2003] . The absence of convincing seismic evidence in the southern Africa upper mantle has been a problem for these models.
[6] In this study, we developed a high-resolution, 3-D, shear wave model for southern Africa using fundamental mode Rayleigh waves recorded at the stations of the southern Africa Seismic Experiment (SASE) [Carlson et al., 1996] . Our model imaged a high-velocity keel of the Kaapvaal craton to the depths of 180 ± 20 km. A weak lowvelocity zone (LVZ) is observed for the first time at 160 to 260 km depths across nearly all of southern Africa. The velocity in this layer varies from 4.45 km/s under the Namaqua belt to $4.6 km/s under the central Kaapvaal craton. The image of this LVZ is important in determining the keel depth and has significant implications for dynamic processes in southern Africa.
Data Selection and Analysis
[7] We utilized Rayleigh waves recorded at the SASE stations, which operated from April 1997 to July 1999. The SASE array consisted of 82 broadband seismic stations and was deployed across southern Africa from the Cape Fold belt in southwest to the Zimbabwe craton in northeast (Figure 1 ). Thirty-two stations continuously recorded data during the 2-year experiment, and 23 stations were moved to different locations after the first year. Three long-term stations in southern Africa from the Global Seismic Network are also used in our analyses.
[8] Teleseismic events were selected with magnitudes ! 5.8 and epicentral distances between 20°and 120°from the center of the array. Over 200 events are available for surface wave analyses. After carefully examining waveforms, 80 events that produced high-quality Rayleigh wave data were used in the final data set. These events showed a good azimuthal coverage in general with a slightly poor coverage to the south (Figure 2 ). Raypaths are dense within the array and in the surrounding regions except to the southeast of the array (Figure 3 ).
[9] We corrected instrument responses by converting them to the same type. Vertical component seismograms were filtered at 18 frequencies ranging from 6 to 50 mHz with a Butterworth filter of a 10 mHz bandwidth. We checked data quality by comparing waveforms at nearby stations. Data with bad timing and clipped amplitude can be identified by this process and only waveforms that showed good correlations among nearby stations were kept in the data set. In general, short-period Rayleigh waves from earthquakes at very long distances are complicated and not consistent from station to station, and long-period Rayleigh waves from relatively small earthquakes are noisy on seismograms. Our final data set consists of $36,000 Rayleigh wave trains. The phases and amplitudes of Rayleigh waves are calculated using a Fourier transform approach and are normalized relative to a reference station for each event.
Methodology
[10] We adopted a two-step inversion procedure in this Rayleigh wave tomography study. At the first step, a twoplane wave inversion technique [Li et al., 2003; Forsyth and Li, 2005] is used to obtain phase velocities in southern Africa. The two-plane wave method can account for the effects of structure outside the study area by representing an incoming wavefield as the interference of two plane waves with different amplitudes, phases, and propagation directions. The parameters of the two plane waves are first estimated in the inversion using a simulated annealing approach and then solved simultaneously with phase velocities in a generalized linear inversion. For events whose incoming wavefields are too complex to be fully represented by two plane waves, we assigned them large errors and small weighting factors to reduce their influence in the final model. The study area was parameterized with 783 nodes (Figure 4 ). Phase velocities are allowed to vary at each node in 2-D inversions and a characteristic length of 80 km is used to smooth phase velocity models. We assigned an a priori error of 0.25 km/s to model parameters (phase velocity) at the inner nodes and 2.5 km/s at the edge nodes (the most outside two rows and columns) so that any wavefield caused by the heterogeneity along a raypath that cannot be represented by the two plane waves is largely ''absorbed'' at the edges. Corrections for site effect and attenuation at each station are solved in the first round phase velocity inversions and then applied to the Rayleigh wave data. Rayleigh waves with these corrections are inverted again for phase velocities. [11] We performed a second step inversion to solve for shear wave structure from the determined phase velocities. Model parameters in this inversion are shear wave velocities in 16 layers from the Earth's surface to 410 km depth. Velocities below 410 km are fixed values from the model AK135 [Kennett et al., 1995] . We adopted the method of Saito [1988] to calculate the derivatives of phase velocities with respect to model parameters, which can be written as dc/db = @c/@b + (@c/@a)(@a/@b) = @c/@b + ffiffi ffi 3 p (@c/@a), where a, b, and c are P wave, S wave, and Rayleigh wave velocity, respectively. Rayleigh waves are primarily sensitive to shear wave structure with the maximum sensitivity depth at $1/3 of a given wavelength. Their sensitivity to P wave structure is confined at very shallow depths (<50 km) even at longer periods ( Figure 5 ). We therefore only constrained shear wave structure in southern Africa. A Vp/Vs ratio of ffiffi ffi 3 p is applied in the inversions for calculating the total derivatives and the P wave models. Although such a Vp/Vs ratio may not be appropriate for the mantle structure, it should not affect the obtained shear wave velocities because of the insensitivity of Rayleigh waves to P wave structure at greater depths.
[12] Because correlation exists between phase velocities at nearby periods, the inversion for shear wave structure is an underdetermined inverse problem although the total number of data (phase velocities at 18 periods) is greater than the total number of model parameters (shear wave velocities in 16 layers). We used the approach of generalized inversion in solving for shear wave structure from Rayleigh wave dispersions. The AK135 model [Kennett et al., 1995] is used as the initial model. A correlation coefficient of 0.3 was assigned between adjacent layers to smooth the model. We placed an a priori standard error of 0.1 km/s in each model parameter. This value was determined after several experiments with different values from 0.05 to 0.25 km/s. We have found that strong oscillations between adjacent layers can occur if using a large standard error, say 0.25 km/s. Our criterion is to have a model that is smooth and also varies as much as possible from the starting model.
Phase Velocities
[13] We first calculated average phase velocities in the whole study area and in six tectonic provinces including the Namaqua-Natal Belt, the Kheiss Belt, the southern and central Kaapvaal craton, the northern Kaapvaal craton, the Limpopo belt, and the Zimbabwe craton. These provinces are indicated in Figure 4 by different symbols. Average phase velocities in southern Africa range from 3.654 ± 0.001 km/s at 20 s to 4.454 ± 0.008 km/s at 167 s (Figure 6 ), which are similar to but slightly higher than Rayleigh phase velocities of the Kaapvaal craton in the global model [Ekstrom et al., 1997] . The average dispersion curve in southern Africa well represents the dispersions in the provinces of the Kaapvaal and Zimbabwe cratons and the Limpopo mobile belt. Phase velocities in the NamaquaNatal belt are $2% lower than the averages in southern Africa. The highest Rayleigh wave phase velocities at periods less than 100s are observed in the southern and central Kaapvaal craton and the Zimbabwe craton, while at longer periods, the northern Kaapvaal craton and the Limpopo belt are characterized by higher phase velocities.
[14] Lateral variations of phase velocities in southern Africa were solved at each grid node. The average phase velocities were used as starting values in 2-D inversions. We generated fine-grid (0.1°Â 0.1°) maps of phase velocity by applying a Gaussian smoothing with a characteristic length of 80 km to the solutions in the original grid. Phase velocity perturbations computed relative to the average phase velocities in the study area are shown in Figure 7 at periods of 25, 40, 50, 67, 100, and 125 s. Rayleigh wave phase velocities correlate well with the tectonic provinces in southern Africa. Fast anomalies appear in the Kaapvaal and Zimbabwe cratons and slow anomalies are imaged in the Bushveld Complex area and in the surrounding mobile belts. Phase velocities at 40 s reflect more on crustal thickness variation, indicating that crust is thin in the cratons and thicker in the mobile belts, consistent with Moho depths constrained from receiver functions [Nguuri et al., 2001; James et al., 2003] . Fast anomalies at the intermediate to long periods manifest as disconnected patches, indicating that lateral variations exist in the Kaapvaal cratonic lithosphere.
Uncertainties and Resolution of Phase Velocities
[15] Several factors contribute to uncertainties in the resolved phase velocities. Like all inverse problems, uncertainties in Rayleigh wave data are the most direct cause of errors in phase velocity solutions. Because the same error in phase corresponds to a larger error in time at a longer period, errors in absolute phase velocity generally increase with period. The standard errors of phase velocity are calculated in the inversions. Because both phase velocity and its standard error increase with period, their ratio, the error of phase velocity perturbation, is less dependent on period. The error contours in phase velocity perturbation tend to elongate along the long axis of the SASE array in NNE and SSW direction (Figure 7c ), and the errors are small near the center of the array and become large with distance away from the array.
[16] It has been known that there is tradeoff between azimuthal anisotropy and lateral heterogeneity. Since our inversions are isotropic, the question is how the solutions of isotropic phase velocity are affected by ignoring anisotropy. We believe that such an effect is small and does not affect the observed pattern of isotropic phase velocities. One reason is that azimuthal anisotropy is largely averaged out in the inversions because of the dense crossing raypaths. Another reason is that the magnitude of anisotropy is small in the upper mantle of southern Africa according to shear wave splitting results [Silver et al., 2001] . We have solved for phase velocities and azimuthal anisotropy simultaneously in southern Africa and found that anisotropy is weak in the Kaapvaal craton, consistent with shear wave splitting observations. Results about anisotropy from Rayleigh waves will be discussed in a different paper.
[17] Another contributor to the errors in phase velocity solutions could be the validation of the two-plane wave method. One assumption in the approach is that the initial phases at all stations from one event are the same, which is valid when the aperture of the array corresponds to a small azimuthal angle at the source. Since the SASE array is large, it seems more accurate to apply the method by dividing the array to two subareas. We are not convinced for the necessity of doing so by the following reasons. First, the seismic array is only long in the NE-SW direction and only the events from the northwest or southeast could have this potential problem. This problem is even trivial considering that the majority of events have distances beyond 70°.
Second, the parameters for the two plane waves are solved in the inversions, which can partially account for the inaccuracy in this assumption on the same initial phase. Furthermore, we have performed a test on this issue by using the stations only in the Kaapvaal craton and running the inversion in a much smaller region as indicated by the rectangle in Figure 4 . Our experiment shows that the difference of phase velocity in the Kaapvaal craton between this inversion and the inversion applied in the whole array is negligible except at the edges. We therefore conclude that the same-initial-phase assumption in the two-plane wave method is largely valid and does not pose notable bias to the phase velocity solutions in southern Africa.
[18] To investigate how well phase velocities in southern Africa are resolved, we have conducted resolution tests for checkerboard models at periods of 50 s, 100 s, and 125 s (Figure 8 ). Synthetic phase and amplitude data of Rayleigh waves were generated for a checkerboard model with fast and slow anomalies of 2.5% on a length scale of $250 km. The events and stations used in producing the synthetic data are same as in the real data. The checkerboard pattern and the amplitude of the anomalies can be well recovered at 50 s and 100 s. Although lateral bleeding is more developed at 125 s, the anomalies are still resolvable in the area where more stations are located. The reduction of lateral resolution at longer periods is partially due to the finite-frequency effect. This effect can be reduced in future studies by applying an improved two-plane wave method with finite frequency kernels [Yang and Forsyth, 2006] .
6. Shear Wave Structure of Southern Africa 6.1. One-Dimensional Shear Wave Structure
[19] One-dimensional shear wave structure beneath southern Africa is constrained by inverting average Rayleigh wave phase velocities. In this inversion, we assumed a 40 km thick crust on the basis of the Moho depths at the SASE stations determined from receiver functions [Nguuri et al., 2001] . Crustal thickness can trade off with velocity near the Moho (20 -60 km) while the trade-off is negligible at other depths. The model AK135 is used as a starting model in the inversion. We also performed the inversion with different initial models and found that their effect on the optimum model solution is trivial.
[20] The resolution to shear wave velocity decreases with depth in general. As shown in Figure 9 , peak values in the model resolution matrix become smaller at greater depths.
There are total six pieces of independent information in this inversion, about 2.5 for velocity at the depths of 40 to 165 km, and $1 at the depths of 165 -260 km and 260-410 km, respectively. Although velocities in each layer cannot be perfectly resolved, the average velocity can be well determined at the depth ranges of 50 km, 100 km, and 150 km from the shallow to the lower upper mantle.
[21] A fast mantle lid is imaged to the depth of $180 km with a shear wave velocity of $4.67 km/s (Figure 10 ). A weak low-velocity zone exists beneath the mantle lid to the depth of 260 km, and the average velocity in the LVZ is 4.48 km/s. This velocity is not absolutely low compared to the global model of AK135, but it is over $4% lower than the fast mantle lid above. The fast lid is not only imaged in our and other shear wave models [Qiu et al., 1996; Priestley, 1999] but also evidenced by xenolith studies in southern Africa . For example, shear wave velocities from cratonic mantle xenoliths in southern Africa vary from 4.71 km/s at 50 km depth to 4.65 km/s at 170 km , which almost perfectly agree with our velocity profile in Figure 10 .
[22] The fast lid and the weak LVZ imaged in our model are compatible with the model of Priestley [1999] . Our 1-D model is significantly different from the model of Qiu et al. [1996] in which an LVZ is much stronger and shallower. Our model is not consistent with the 1-D transverse isotropic models given by Freybourger et al. [2001] and Saltzer [2002] . Their models are much smoother with depth and do not reveal a fast lid at all. Although Saltzer [2002] found that an artificial low-velocity layer could arise from inverting anisotropic data of Rayleigh and Love waves for an isotropic model. This argument is not applicable if only Rayleigh wave data are used. The discrepancy between the isotropic and anisotropic models is still not well understood.
[23] One-dimensional shear wave velocity models for six subregions in southern Africa (Figure 11 ) are obtained from A peak value at the corresponding depth indicates good resolution. The sharper the peak is, the higher the resolution for that layer. their corresponding average Rayleigh wave dispersions (Table 1) . According to the receiver function results [Nguuri et al., 2001] , we fixed the crustal thickness in the inversions at 46 km for the Namaqua-Natal belt, 36 km for the Kheiss belt, 40 km for the southern and central Kaapvaal, 43 km for the northern Kaapvaal, 45 km for the Limpopo belt, and 38 km for the Zimbabwe craton. We observed a fast mantle lithosphere and significant velocity reductions beneath it in all the tectonic provinces of southern Africa. The lithosphere lid thins from $180 km in the Kaapvaal craton to $80 km in the Namaqua-Natal belt toward south and to $120 km in the Zimbabwe craton toward north. Another difference among these models is the velocity in the deep upper mantle below 260 km. Shear wave velocity at the depths of 260 to 400 km is much lower in the south including the Namaqua-Natal belt, the Kheiss belt, and the southern and central Kaapvaal craton than in the northern part of southern Africa. On the other hand, the upper mantle below 260 km is remarkably fast beneath the northern Kaapvaal craton (Figure 11e) . Such large regional variations in shear wave structure in southern Africa might help to explain the differences in previous models [Qiu et al., 1996; Priestley, 1999; Freybourger et al., 2001; Saltzer, 2002] if they are associated with different parts of southern Africa.
[24] To examine the robustness of the fast lid and the LVZ in the shear wave model of southern Africa, we conducted a series of experiments of forward modeling through models that have variable velocities and thicknesses for the lid and the LVZ (Figure 12 ). Models without an LVZ cannot fit the dispersion curve regardless of the velocity in the shallow upper mantle. Simply removing the LVZ from the average southern Africa model makes predicted phase velocities beyond the period of 70 s much faster than those observed (Figures 12a and 12b) . If the lid and the LVZ are replaced with an average velocity at the depths of 40 to 260 km, the model predicts much lower phase velocities at periods <80 s (Figures 12a and 12b ). These tests demonstrate that a fast lid and an LVZ are required by the data.
[25] Because of nonuniqueness in model solutions and because of errors in phase velocity measurements, there are still infinite numbers of models that can fit the data at some degrees. For example, a model with a thicker and weaker LVZ and a model with an LVZ about 40 km deeper also fit the dispersion curve reasonably well (Figures 12c -12f) . However, the curvature of phase velocity around the periods of 80-100 s is not well predicted from both models. Models with a strong LVZ or a shallow LVZ tend to predict phase velocities lower than the observations. Our experiments show that it is difficult to distinguish models with ±20 km changes in the lid thickness or with ±0.05 km/s changes in the average velocity of the LVZ relative to the most favorable model in Figure 10 .
Three-Dimensional Shear Wave Structure
[26] We have applied the same inversion technique used in the 1-D inversion to each map point to obtain 3-D shear wave structure in southern Africa. The crustal thickness was fixed in the inversions at each map point and its value was estimated by interpolating the crustal thickness at the SASE stations constrained from receiver functions [Nguuri et al., 2001 ]. As discussed above, uncertainties of crustal thickness can affect velocity in the lower crust and uppermost mantle but their influence on mantle structure below 80 km is negligible.
[27] Three-dimensional variations of shear wave structure in the southern Africa upper mantle are presented on maps and vertical profiles in Figures 13, 14 , and 15. The southern boundary of the Kaapvaal craton is marked by a sharp velocity drop of 0.2 km/s from the Kaapvaal craton to the Namaqua belt (Figure 13 ). Within the Kaapvaal lithosphere, the Bushveld Complex area is relatively slower than the rest of the craton (Figures 14a-14c ), probably associated with high iron content from the Bushveld intrusion at 2.05 Ga. A fast mantle lid is present beneath most of the cratons and mobile belts except the western Namaqua mobile belt and the Cape Fold belt. The fast mantle lithosphere varies from 140 ± 20 km at the edges of the Kaapvaal craton to 180 ± 20 km near its center (Figures 14a, 15c, and 15d ) on the basis of velocity contours of 4.55 km/s and 4.6 km/s. The maximum keel depth in our model is $210 km, corresponding roughly to the average depth to the middle of the LVZ, which is slightly shallower than in previous tomography models [Ritsema and van Heijst, 2000; James et al., 2001; Fouch et al., 2004] . Such a difference comes from different criteria that are used to determine the keel depth rather than from real differences among the models. More discussions on this problem are given in section 7. [Weeraratne et al., 2003] , the western Australian craton (dashed line) [Simons et al., 1999] , and the AK135 model (dotted line) [Kennett et al., 1995] are plotted for comparison.
[28] Figures 14b and 14c are velocity perturbation profiles relative to the average southern Africa model and the AK135 model [Kennett et al., 1995] , respectively. Since the reference model of southern Africa contains a fast lid, more negative anomalies appear in Figure 14b above 200 km.
The slow anomalies concentrate in regions under the border areas between tectonic provinces. Relatively slow anomalies are also imaged under the Bushveld Complex to the depth of 150 km, which seems connected to stronger negative anomalies under the Limpopo belt and the Zim- Figure 11 . One-dimensional shear wave velocity profiles in six subregions (black solid lines) in southern Africa including (a) the Namaqua-Natal belt, (b) the Kheiss belt, (c) the Limpopo belt, (d) the southern and central Kaapvaal craton, (e) the northern Kaapvaal craton, and (f) the Zimbabwe craton. The AK135 model (dashed line) [Kennett et al., 1995] and the average southern Africa model (gray line) are plotted for reference. (Figures 12a, 12c , and 12e) and their associated Rayleigh wave phase velocities (Figures 12b, 12d , and 12f). Line styles for the velocity models are consistent with those for the phase velocities. The black solid lines in Figures 12a, 12c , and 12e indicate the shear wave model for southern Africa from the inversion of the average phase velocities, which are plotted as circles in Figures 12b, 12d , and 12f with error bars for 1 standard deviation. Short-dashed lines in Figures 12a and 12b are for the model AK135. Gray solid lines and long-dashed lines in Figures 12a and 12b are for two models without an LVZ. Short-and long-dashed lines in Figures 12c and 12d are for models with a strong and thin LVZ and a weak and thick LVZ, respectively. In Figures 12e and 12f , short-dashed lines are for a model with a shallow LVZ and long-dashed lines are for a deep LVZ. babwe craton to the northeast, suggesting that the Bushveld intrusion is probably not from a deep source. Fast anomalies relative to the AK135 model (Figure 14c ) reveal a similar pattern to the absolute fast velocities (Figure 14a ) above 200 km. A broad negative anomaly below 200 km is imaged beneath the Namaqua mobile belt and the southwestern edge of the Kaapvaal craton. Positive anomalies under the center of the Kaapvaal craton extend all the way to $400 km depth.
[29] Another interesting feature in our shear wave model is a reduced velocity layer in the upper mantle across southern Africa. This layer can be well perceived in Figure  13 , where the layer of 210 -230 km is clearly slower than the layer of 80-100 km above and the layer of 280-310 km below. The LVZ is more obvious on the absolute velocity profiles (Figures 14a and 15) . It is imaged at the depths of 160 to 260 km with variable strength and thickness. Shear wave velocity in the LVZ varies from 4.45 -4.5 km/s under the Namaqua and the Limpopo mobile belts to 4.5 -4.6 km/ s beneath most of the Kaapvaal craton. A relatively fast block of 4.6 -4.65 km/s in the LVZ is imaged in the central and northern Kaapvaal craton near the western Bushveld Complex. Under the Kaapvaal craton, the LVZ is not absolutely low because a shear wave velocity of 4.5 -4.6 km/s is compatible with or slightly higher than in a global reference model at the same depths. However, these velocities are $4% lower compared with the fast keel above the LVZ. It is important to notice that the LVZ does not appear on both velocity perturbation profiles shown in Figure 14 although it is obvious on the absolute velocity profiles. This low-velocity layer and its variable strength across southern Africa are imaged for the first time in a 3-D version. Their importance in understanding the geodynamics of southern Africa is discussed in section 7.2.
Discussion

Kaapvaal Cratonic Lithosphere
[30] The fast cratonic lithosphere is generally attributed to cold temperatures and iron depletion that together make a continental keel mechanically strong and neutrally buoyant [Jordan, 1975 [Jordan, , 1978 [Jordan, , 1979 [Jordan, , 1988 , which provides a good explanation for the stability of cratons. However, large plume events and tectonic activities can intervene and destroy the strong cratonic lithosphere over time. The most direct evidence is that globally only a small portion of Archaean continent is preserved at the present time. Other evidence for craton destruction includes: (1) the removal of the cratonic root under the eastern Sino-Korean craton due to the subduction of the Pacific plate [Griffin et al., 1998; Gao et al., 2004] and (2) a significant low-velocity layer under the Tanzanian craton where rifting is taking place [Weeraratne et al., 2003] . As one of the oldest continental blocks on Earth, the Kaapvaal craton has survived a broad range of destructive events. For instance, the massive outpouring of Karoo basalts [Duncan et al., 1997] and the wide distribution of kimberlites at different ages [Jelsma et al., 2004] all indicate that the southern Africa continent has been disturbed frequently by tectonic activities.
[31] Although different models agree that lithosphere beneath the craton is fast and thick, how deep the Kaapvaal cratonic lithosphere extends remains controversial [Qiu et al., 1996; Priestley, 1999; Zhao et al., 1999; Ritsema and van Heijst, 2000; James et al., 2001; Fouch et al., 2004] . In this study, we estimated the keel depth on the basis of absolute shear wave velocity variation with depth and found that the keel depth is 180 ± 20 km beneath most parts of the Kaapvaal craton. We used the velocity contours of 4.55 km/s and 4.6 km/s as references for determining the keel depth because they are close to and slightly higher than the shear velocity in a global model at the same depth range. Alternatively, one may determine the keel depth using the medial depth of the low-velocity zone beneath the keel, which would give similar results. The presence of such a LVZ confines the maximum keel depth to 260 km, the base of the LVZ. Another method of defining the keel depth is based on the maximum negative velocity gradient with depth [van der Lee, 2002] . We calculated vertical velocity gradients for the SW-NE profile but found that the contours of the most negative gradient are very complex and do not match the fast mantle lithosphere imaged in the velocity profile (Figure 14a) .
[32] The keel depth obtained from absolute shear wave velocity variation is shallower than that estimated on the basis of high-velocity anomalies. For instance, the maximum keel depth of the Kaapvaal craton is $210 km on the basis of shear wave velocity variations while fast anomalies under the central craton extend to over 300 km (Figures 14a -14c) . Such a thick keel would not make sense because a low-velocity layer would be included in it. Since it is the velocity, not its perturbation, that is directly associated with the physical status of mantle rocks, we believe it is more appropriate to use velocity variation to estimate the keel depth. This finding can explain the difference of the Kaapvaal keel depth between our estimation and others based on velocity perturbation models [Ritsema and van Heijst, 2000; James et al., 2001; Fouch et al., 2004] , which tend to give a relative thicker keel.
[33] Our estimation of 180 ± 20 km for the keel depth is consistent with a 175 -220 km lithospheric thermal thickness derived from heat flow data in southern Africa [Artemieva and Mooney, 2001] . The relatively thin root of the Kaapvaal craton is also predicted from the geotherms on the basis of different thermobarometers of mantle xenoliths. The 1300°C adiabat is reached at $170 km depth on the BK geotherm [Brey and Kohler, 1990] and at $220 km depth on the OW/MC geotherm [O'Neill and Wood, 1979; MacGregor, 1974] . Although Rudnick and Nyblade [1999] constrained the thickness of the Kaapvaal lithosphere at 200-250 km from cratonic xenoliths, a recent xenolith study prefers a thinner chemical boundary layer ($175 km) for cratons [Lee et al., 2005] . Furthermore, the high-temperature peridotites included in the analyses of Rudnick and Nyblade [1999] were found to have low seismic velocities and should not be considered as typical, fast cratonic lithosphere.
[34] A relatively fast upper mantle at the depths of 260 to 400 km is observed on the 1-D velocity profile under the northern Kaapvaal craton (Figure 11e (Figures 14a, 15c, and 15d ). This dumbbell shape of high velocity resembles mantle downwelling flow in convection models. The relatively high velocity below 260 km in the central and northern Kaapvaal could be the eroded cratonic lithosphere. If so, it can explain a weak but flat 410-km discontinuity observed in the same area [Gao et al., 2002; Niu et al., 2004] . The weakness of the discontinuity could be due to the small velocity contrast across the 410 km because of the relatively fast velocity above it, and the flatness could be interpreted as the opposite effects of high Mg# and cold temperature on the topography of the 410-km discontinuity [Weidner and Wang, 2000] .
Low-Velocity Zone in the Southern Africa Upper Mantle
[35] Whether a low-velocity zone exists in the upper mantle of southern Africa has been debated for the past decade. The disagreement in the existing models of southern Africa includes the presence of an LVZ and the variation of its strength and depth [Nyblade et al., 1996; Qiu et al., 1996; Priestley, 1999; Zhao et al., 1999; Simon et al., 2002; Freybourger et al., 2001; Saltzer, 2002; Larson, 2004; Wang et al., 2005] . Our new, high-resolution, shear wave velocity model clearly reveals a reduced velocity layer at the depths of 160 -260 km beneath southern Africa. We recognize that velocity in this layer is not absolutely low relative to a global reference model, but is significantly lower than the fast mantle above it.
[36] The LVZ beneath southern Africa cannot be observed on velocity perturbation profiles regardless of a reference model (Figures 14b and 14c) . It is therefore not surprising that an LVZ is not revealed in the P and S wave tomography models in southern Africa Fouch et al., 2004] , because those are models of velocity perturbation, not absolute velocities. Similarly, the LVZ is invisible in the velocity perturbation model presented by Ritsema and van Heijst [2000] . Larson [2004] found that the presence of a weak LVZ depends on an initial model by applying a two-station method to Rayleigh wave data in the southern Kaapvaal craton. We suspect that the sensitivity of Larson's [2004] model to a starting model is due to the lack of constraints from the data and/or too much damping in the model parameters. With much more data and higher resolution in this study, we have found that the LVZ under southern Africa is required by the data and is independent of an initial model.
[37] One problem with the LVZ in southern Africa is the effect of anisotropy. Saltzer [2002] pointed out that an artificial low-velocity layer could be imaged when inverting Rayleigh and Love data together for an isotropic model. This may explain the strong LVZ imaged in the model of Qiu et al. [1996] where both Rayleigh and Love waveforms were modeled. The artificial effect is not a problem if only one type of surface wave data is used, as in the study of Priestley [1999] and in this study. In both studies only Rayleigh wave data were used and the LVZ is much weaker than in the model of Qiu et al. [1996] .The effect of azimuthal anisotropy on the LVZ is not significant because it must be averaged out given the high density of crossing raypaths. In addition, azimuthal anisotropy is largely confined in the lithosphere of southern Africa and the delay times in the Kaapvaal craton are overall small [Silver et al., 2001 [Silver et al., , 2004 . Nevertheless, Rayleigh waves are sensitive to Sv structure and a low Sv layer might result from radial anisotropy if V Sv < V Sh . However, radial anisotropy has been found to decrease with depth and not to be resolvable below 150 km by Freybourger et al. [2001] and Saltzer [2002] . We therefore do not think that the observed lowvelocity layer in our model can be fully attributed to radial anisotropy although its slowness might be overestimated if such anisotropy exists. Future study combining Rayleigh and Love wave tomography would help to resolve this problem.
[38] A velocity reduction zone in the upper mantle has also been observed beneath other cratons, such as the western Australian craton [Simons et al., 1999] , the North American craton [Grand and Helmberger, 1984] , and the Tanzanian craton [Weeraratne et al., 2003 ]. On one hand, such a velocity reduction is a common feature of the cratons; on the other hand, the degree of velocity reduction varies significantly beneath different cratons, reflecting the uniqueness of each craton. For example, the lowest velocity in the velocity reduction zone at the depths around 200 km is 4.58 km/s for west Australia, 4.48 km/s for southern Africa, and 4.28 km/s for the Tanzanian craton, respectively (Figure 10 ) while the velocities in the fast lids are much more consistent among these cratons. The common velocity reduction of shear wave in the upper mantle of cratons can be explained by the decrease of Mg# from the chemical boundary layer above 175 km to the thermal boundary layer beneath it [Lee et al., 2005] . The largest Mg# difference from a fertile mantle (88-89) to a cratonic mantle (92 -93) is about 5 units, which only accounts for a shear wave velocity reduction of 1 -1.5% based on the Vs-Mg# relation given by Lee [2003] . It is clear that the change of Mg# alone cannot explain the large velocity drop of 4% in the LVZ in the upper mantle of southern Africa.
[39] Low shear wave velocity can arise from the effects of petrology, volatiles, and high temperature besides the increase of iron content. James et al. [2004] observed a slight (<1%) shear wave velocity reduction with depth in the lowtemperature xenoliths in the Kaapvaal craton. Such a petrologic effect is not observed at depths below 170 km and should not be a candidate for the LVZ imaged in the Rayleigh wave model. Even if this effect is applied at the LVZ depth, the resultant velocity reduction would be too small ($1%) to explain our observations ($4%). Volatiles would effectively lower seismic velocities if present. However, the Archaean continents are believed dry to 250 km depth in general [Hirth et al., 2000] . In southern Africa, there is no indication for high volatile content from xenolith data. We therefore do not consider volatiles as candidates for the LVZ beneath southern Africa.
[40] High temperature is probably the dominant mechanism of the LVZ in the upper mantle of southern Africa. The significant velocity reduction from 180 km to 200 km in our Rayleigh wave model (Figure 10 ) agrees remarkably the shear wave velocities measured from high-temperature lherzolites in the Kaapvaal craton , indicating that thermal anomalies that produced those xenoliths are still present in the upper mantle of southern Africa. In addition, the deformed peridotite xenoliths in the Kaapvaal craton have the largest number and the highest temperature compared with the Slave, Siberia, and Superior cratons [Rudnick and Nyblade, 1999] , suggesting an anomalous hot upper mantle beneath the Kaapvaal cratonic lithosphere. The LVZ at the depths of 160-260 km beneath the Kaapvaal craton would belong to the thermal boundary layer of the craton [Lee et al., 2005] and is probably subject to mantle convection. The sublithospheric convection in southern Africa could be of the kinds produced in numerical models, such as the plate-wide shallow convection model [England and Houseman, 1984; Burke, 1996] and the edgedriven convection model [King and Ritsema, 2000] .
[41] The thermal origin of the LVZ is in accordance with tectonics in southern Africa. Africa is the continent that has experienced the most vigorous hot spot events from the Karoo plume at 90-183 Ma [Duncan et al., 1997; Morgan, 1983] to the Afar plume at 31 Ma to the present time [Burke et al., 2003; Jelsma et al., 2004] . These hot spot events frequently provide heating to the upper mantle of Africa. The 2% velocity variation in the LVZ, if purely thermal, could be associated with $220°C temperature change from the center of the Kaapvaal craton to its edges, which would yield density variations within the LVZ and make contributions to local isostasy. It is difficult to quantify this contribution by correlating the LVZ with the surface topography because of the dominant role of crustal thickness in maintaining local isostasy. In addition, the crustal thickness varies significantly in southern Africa and does not correlate with the topography [Nguuri et al., 2001; Nair et al., 2006] . A more quantitative analysis on isostatic balance in southern Africa could be another research, which is beyond the scope of this paper. In fact, previous studies have shown that surface relief in southern Africa is undercompensated by crustal structure at many SASE stations [Webb et al., 2004] and cannot be completely attributed to dynamic topography associated with low velocities in the lower mantle [Lithgow-Bertelloni and Silver, 1998 ]. Temperature variations in the shallow upper mantle therefore must play an important role in supporting the high topography in southern Africa.
Conclusions
[42] A high-resolution, 3-D shear wave velocity model in southern Africa has been constructed from Rayleigh waves at the SASE stations. This model provides new insights into the structure of the cratonic lithosphere and sublithospheric mantle. A fast mantle lithosphere is observed beneath most of southern Africa with thickness varying from $80 km in the Namaqua-Natal mobile belt to 180-200 km beneath the central and northern Kaapvaal craton. Shear wave velocities beneath the Bushveld Complex are relatively low in the shallow part of the Kaapvaal lithosphere, reflecting the effect of the Bushveld intrusion at $2.05 Ga. The thickness of the Kaapvaal cratonic keel is estimated at the depths of 180 ± 20 km on the basis of shear wave velocity variation with depth. We imaged a reduced velocity layer at the depths of 160 -260 km across southern Africa with variable strength. The increase of iron content below 180 km could account for $1% shear wave velocity reduction in the cratonic upper mantle and provides a reasonable explanation for a common feature of a weak LVZ in the upper mantle of cratons. However, the observed LVZ in southern Africa is $4% slower than the keel above, which cannot be fully explained by the decrease of Mg# with depth or other mechanisms, such as volatiles or petrologic effects in the Kaapvaal cratonic lithosphere. We prefer to explain the LVZ in southern Africa by a dominant cause of thermal anomalies, which are associated with sublithospheric convection in the upper mantle. The low-velocity layer is therefore less dense and helps in compensating the high relief in southern Africa.
